ABSTRACT: Satellite tags were attached to 10 sperm whales Physeter macrocephalus (1 whale was tagged in 2 different years) to determine the movements of sperm whales involved in removal of sablefish from longline fishing gear in the Gulf of Alaska (GOA). Tags , respectively). Tagged sperm whales primarily travelled over the slope, but one spent considerable time over the ocean basin. Information on the timing and movement patterns of sperm whales may provide a means for fishermen to avoid fishing at whale hot spots, potentially reducing interactions between whales and fishermen. 
INTRODUCTION
Sperm whales Physeter macrocephalus associate with fishing operations, particularly longline operations, in a number of locations around the globe (Rice 1989 , Ashford et al. 1996 , Capdeville 1997 , Nolan & Liddle 2000 . In the Gulf of Alaska (GOA) depredation by sperm whales of longline gear set for sablefish has been occurring for over 3 decades. In 1995 a change in management resulted in an expanded fishing season. This change allowed increased opportunities for sperm whales to depredate longline fishing gear, and by 1997 reports of depredation had in creased substantially (Hill et al. 1999 , Sigler et al. 2007 .
Sperm whales feed primarily on various species of cephalopods (Okutani & Nemoto 1964 , Berzin & Yablokov 1971 , Gaskin 1982 , Rice 1989 , Santos et al. 1999 ), but there are regions where fish is the predominant component of their diet (Berzin & Yablokov 1971 , Clarke & Macleod 1976 , Kawakami 1980 , Gosho et al. 1984 , Rice 1989 . Kawakami (1980) reviewed sperm whale diets worldwide and found that fish were an important part of their diet in the northern and northeastern parts of the North Pacific, off New Zealand, and in the northern part of the North Atlantic. Stomach samples from specimens examined at whaling stations from whales caught in Alaska revealed that cephalopods were an important food in the western Aleutians and Bering Sea, but that fish became progressively more important towards the eastern Aleutians and into the GOA (Okutani &Nemoto 1964) .
Sperm whales are widely distributed across the entire North Pacific. They were subjected to 2 waves of commercial whaling and were heavily exploited in the North Pacific until the late 1970s (Ivashchenko et al. 2011 , 2013 , Mizroch & Rice 2013 . Although sperm whale catches in the GOA overall were lower than other areas of the North Pacific, in one year, 1964, over 1800 sperm whales were removed from the GOA alone, north of 50°N (N. V. Doroshenko et al. unpubl. data, Ivashchenko pers. comm.) . No sperm whales were removed in this area by the Soviet catcher fleet after 1967. Although sperm whale numbers have likely increased and possibly recovered since the cessation of commercial whaling, they continue to be listed as an endangered species in US waters (Allen & Angliss 2013) .
Some data exist on sperm whale year-round presence in the GOA, from acoustic recordings from bottom-mounted recorders (Mellinger et al. 2004 ). However, these data could not be used to determine whether the same sperm whales were present year round, representing a stable population, or whether vocalizations were from multiple transitory whales passing through the area.
Population structure is poorly understood and has been the subject of debate for decades (Whitehead 2003) . Low genetic diversity worldwide provided little basis for differentiating groups of whales using mtDNA or nuclear markers (Lyrholm et al. 1999) . Whitehead (2003) and Rendell et al. (2012) have proposed a population structure based upon groups of whales using the same communication or vocal dialect unbound from geography and genetics. Thus, a species with low genetic diversity and wide ranging movements, perhaps including males foraging in ocean basins apart from the females and immature whales, is culturally connected acoustically rather than geographically. Mesnick et al. (2011) revisited the population structure for sperm whales in the North Pacific using single-nucleotide polymorphisms (SNPS) along with microsatellite genotyping and mitochondrial DNA methods. Currently, in US waters, 3 populations are recognized: (1) California Current, (2) Hawaii, and (3) Alaska. According to Mesnick et al. (2011) , sperm whales present in the California Current are differentiated genetically, whereas sperm whales from the Hawaiian Archipelago and the eastern tropical Pacific could not be fully differentiated. Their results were clear that the high-latitude male sperm whales in Alaska originated from not one but multiple populations. While application of genetic techniques is promising, it will be challenging and perhaps impossible to define populations of sperm whales geographically (see Dufault et al. 1999 ). This may be particularly true for males who, when sexually and physically mature, roam widely, with reported movements of over 5000 km (Mizroch & Rice 2013 ) and may not return to breed in the ocean where they were born (Lyrholm et al. 1999) . Essentially, while some genetic distinctions exist among sperm whale populations, it is still an emerging story. Whitehead (2003) highlighted that one of the largest gaps in our understanding of sperm whales is the movements of males. How mature males move throughout the oceans will define and influence mating strategies and gene flow. He summarized that male movement consists of gradual movement to higher latitudes with age, and at about age 27 (Best 1979) , periodic, but not necessarily seasonal, transits occur between the lower latitude feeding/breeding grounds and higher latitude feeding grounds. These males have variable patterns of movement while at high latitudes and move almost continually at low latitudes, with repeat visitation to groups of females. In the eastern tropical Pacific, few adult males were seen across a 19 yr study in an area where females and immature sperm whales roam widely (Whitehead et al. 2008) . Clearly, male movements are complex, with individual variability over large temporal and spatial scales.
In 2003, fishermen, scientists, and managers formed the Southeast Alaska Sperm Whale Avoidance Project (SEASWAP) to better understand sperm whale interactions with the longline fishery for sablefish in the eastern GOA (Straley et al. 2005) . SEASWAP partners are working cooperatively towards a common goal of investigating and documenting the occurrence of sperm whales in association with longline fishing to develop strategies to minimize this interaction (Thode et al. 2007 ). Sable-fish occur on the continental slope, and most commercial longliners fish for sablefish in water depths between 600 and 1000 m (Hanselman et al. 2011) . SEASWAP is focused along the continental slope of the eastern GOA and has documented sperm whales using this habitat extensively for foraging (Mathias et al. 2012) .
Using photographic sampling methods, SEASWAP documented 81 individual whales and estimated that 105 (95, 125: 95% Bayesian credible interval) male sperm whales were involved in depredation of sablefish in the eastern GOA between 2003 and 2011 (SEASWAP unpubl. data) . In 2006, SEASWAP began collaboration with NOAA Fisheries sablefish assessment program and placed biologists aboard federal survey vessels to document whale presence, behavior, and interactions across the entire GOA through 2011, but excluding 2008. The federal survey fishes the same stations along the slope each year; thus, sampling is consistent throughout the entire GOA. These data allowed a glimpse of how sperm whales move along the continental slope beyond the SEASWAP study area. The 2011 SEASWAP/NOAA sperm whale catalog consisted of identification photographs of the distinctive flukes of 104 individual whales from the GOA, as far west as Kodiak Island. Repeated sightings of individual whales documented that 31 sperm whales were photographed both in the eastern GOA and in at least one other area in the GOA. These data demonstrated that at least onethird, and perhaps all, of the sperm whales present in the GOA roam widely along the slope. However, the data collected just along the slope did not shed insight on whether the shallower waters on the shelf and the deeper ocean basin beyond the slope were also preferred areas for sperm whales in the GOA. Furthermore, it was not clear whether sperm whales observed within the SEA SWAP study area stayed for extended periods or whether they passed through, moving beyond the GOA.
To further investigate the movements, locations, and destinations of sperm whales associating with longline vessels along the edge of the continental shelf in the GOA, we deployed satellite tags on 10 males in 2007 and 2009. Information on the timing and movement patterns of sperm whales in the GOA may provide a means for fishermen to avoid whales. Over time these longitudinal data will document the most skilled, repeat depredators and give fishermen an option to avoid fishing at known whale hot spots based upon past location data from satellite tags, thus reducing the opportunity for interactions between whales and fishermen in Alaskan waters.
MATERIALS AND METHODS

Study area
Satellite tags were deployed on sperm whales in conjunction with other SEA SWAP activities along the slope 11 to 56 km offshore from 56° to 57°N latitude, in the eastern GOA during July 2007 and June 2009. The SEASWAP study area is located in the eastern GOA from 56° to 58° N.
Satellite tags
Satellite-linked transmitters and the Argos satellite system were used to collect location data for 10 sperm whales in 2 different years, 2007 and 2009, with 1 whale tagged in both years (Table 1) . Tags in the Low Impact Minimally Percutaneous External Transmitter (LIMPET) configuration measured 6.0 × 3.5 × 2.5 cm, weighed approximately 50 g and had 2 barbed titanium darts (0.4 cm in diameter, 6.5 cm penetration length; Andrews et al. 2008) . Whales were approached from a small vessel to within a distance of 3 to 10 m. Transmitters were deployed using a crossbow to implant the darts into the dorsal fin or body just below the dorsal fin. Tagging occurred while whales were following or closely associating with longline fishing vessels, with the exception of 1 individual. This whale was tagged 5 km distant from a fishing vessel. Within a few hours after tagging this whale travelled directly to the fishing vessel which had started hauling the catch from a demersal longline set. Tags were programmed on a duty cycle to transmit daily for 50 d, then every third day for 1.5 mo, every fifth day for 2 mo, and then every tenth day thereafter. However, only 2 whales, SWsat7 and SWsat10, transmitted for > 50 d. All satellite tag position estimates were filtered using the Douglas Argos-Filter Version 7.06 (http:// alaska.usgs.gov/science/biology/spatial/douglas.html; Douglas et al. 2012 ). The Douglas Argos-Filter uses an algorithm to assess each Argos location and removes the improbable locations from the dataset. The first step uses distances between locations. The filter retained all Location Class 2 and 3 position estimates, classed by Argos as highly accurate, and consecutive position estimates that were separated by 3 km or less. This is based upon the logic that it would be unusual for consecutive erroneous locations to occur within the same small location area. The second step of the filter evaluated the bearings, vectors, velocity, and internal angles of intersection to remove implausible position estimates that are indicative of spurious movement rates or changes in direction relative to distance between position estimates.
We selected a rate coefficient (Ratecoef) of 20 for assessing the angle created by 3 consecutive points. As Ratecoef increases, the filter becomes more conservative, and relatively large distances between triplets will require a larger angle to pass the filter because a small angle would appear as a typical Argos error (i.e. the farther an animal moves, the less likely it is to return to a spot very close to the previous position). The filter eliminated points that resulted in a movement rate > 9 km h −1 , which is at the upper extreme of visually observed horizontal movement rates for sperm whales noted by Whitehead (2003) .
Horizontal movements
Cumulative horizontal movement was the straightline distance (km) calculated from the day of tag deployment to the last position estimate when transmissions ceased, using all position estimates that passed the filter. Rates of horizontal movement were calculated using the straight-line distance (km) between the consecutive 'best' daily position estimates (position with the highest 'location class' and therefore most accurate estimate) by the exact elapsed time (h) between those position estimates. Estimated daily distance travelled (km d 
Habitat
Ocean habitat categories were defined using a bathymetric map to obtain the water depth for the daily position estimates for the sperm whales tagged in this study. Each position estimate was then assigned to 1 of 3 ocean habitats: the continental shelf, slope, or ocean basin. The bathymetry data, used for obtaining the water depths of position estimates, were extracted by overlaying point location data on a bathymetric raster surface in ArcGIS Ver. 9.2 (ESRI 2006). The bathymetric dataset used was GEBCO_08 Grid, Vers. 20091120 (www. gebco. net), with a grid resolution of 30-arc seconds. Depth values (m) were transferred to point locations using the 'intersect point tool' in Hawth's analysis tools (Beyer 2004) .
Habitat categories were defined using the frequency distribution of the depth readings from a rectangular area of the GEBCO_08 Grid that included all the sperm whale position estimates from 2007 and 2009 between 10° and 60°N, and 75° and 145°W.
Ocean habitat was categorized using the following depths:
(1) Continental shelf: 0 (sea level)−245 m (2) Slope: 246−2455 m (3) Ocean basin: 2456−9621 m The continental shelf encompasses depths from a shallow flat area along the coast; the slope is an area where the ocean floor rapidly drops over a relatively short distance, and the ocean basin is separated from the slope by an increase in depth across the midocean.
RESULTS
Satellite tags
In summer 2007 and 2009, 6 and 5 sperm whales, respectively, were tagged offshore of Sitka, AK, in the GOA (Table 1) . Nine of the 10 whales were photo-identified by the distinctive shape of their flukes and dorsal fins and were compared to the SEASWAP sperm whale catalog of identification Table 1) .
Horizontal movements
The tagged sperm whales travelled to the central and northern GOA (Figs. 1 & 2) and south to waters off Mexico (Fig. 3) . Eight whales did not leave the GOA while the tags were transmitting. Four whales (3 in 2007; 1 in 2009) stayed in the eastern GOA (Fig. 1) . Three whales (2 in 2007; 1 in 2009) lingered for about a week near the tagging site and then moved north along the slope of the continental shelf edge to the central and northern GOA (Fig. 2) . Two of these whales, SWsat2 and SWsat5, travelled north along the slope following the NOAA longline survey vessel, F/V Ocean Prowler. SWsat9 followed a similar movement pattern. SWsat6, tagged in 2007, travelled a little past the south end of Haida Gwaii (Queen Charlotte Islands) in northern British Columbia. This area is known for the presence of sperm whales (John Ford, Department of Fisheries and Oceans Canada [DFO] pers. comm.). Photographs of 3 sperm whales were found in both the SEASWAP catalog and the catalog of British Columbia sperm whales maintained by the DFO. SWsat6, after visiting Can- SWsat1, 3, 4, and 11 (tag durations: 9, 3, 26 , and 7 d, respectively) did not venture far from where they were tagged along the slope edge of the continental shelf. Light blue depicts the oceanic shelf, and dark blue represents the oceanic basin, with the continental slope the transition from light to dark blue. Locations connected by lines represent a trackline inferred from 2 paired transmissions, not the actual path of the whales. One degree of latitude is equivalent to 60 nautical miles ada, returned north, and was about 80 km east of Noyes Island (83 km south of Sitka) when transmissions stopped (Fig. 2) . In 2009, 3 whales (SWsat7, 8, and 10) departed the GOA and headed south during the time the tags transmitted (Fig. 3 ). SWsat8 and SWsat10 headed south shortly after being tagged in June. SWsat8 headed south on June 13, the day it was tagged. SWsat10 headed south starting on June 18, 4 d after tagging. SWsat7 stayed in the eastern GOA until October and then headed south. SWsat8 covered a minimum cumulative distance of 5790 km before it reached a point offshore of southern Mexico, 5441 km south of the tagging site. SWsat10 also travelled south before rounding the Baja California Peninsula and travelling north, reaching the upper third of the Sea of Cortez before transmissions ceased. SWsat7 spent nearly 4 mo in the area, where he was tagged travelling along the slope, before heading south on October 8th 2009. SWsat7 reached offshore of the middle of the Baja Peninsula (a 3594 km great-circle distance from the tagging site) when transmissions stopped.
Overall, for all 10 whales, the median of the median rate of horizontal movement was 1.3 (range: 0.6−5.4) km h −1 . However, there was a difference in the median rates of horizontal movement between the whales in the GOA north and south of approximately 56°N (Table 2) , when the satellite transmissions indicated the whale was moving in a linear path from north to south. The median of the median rate of horizontal movement for the 7 whales in the GOA north of 56°N was 1.3 (range: 0.6−2.5) km h −1 , substantially slower than the median of the median rate of horizontal movement rate of 5.4 (range: 4.1−5.5) km h −1 for the 3 whales that departed the GOA and travelled south of 56°N. SWsat2, 5, and 9 (tag durations: 34, 18, and 16 d, respectively) travelled to the central GOA. SWsat6 travelled into northern British Columbia, Canada, and returned north, almost returning to the eastern GOA. Bathymetry colors and locations are as in Fig. 1 . One degree of latitude is equivalent to 60 nautical miles Two of these whales that headed south, SWsat7 and SWsat10, came closer to shore and slightly decreased their daily distance around the latitude of 40°N off the coast of California, and then resumed a higher travel rate as they continued southbound (Fig. 3) . SWsat8 also changed its behavior at 40°N by coming closer to shore so that it was transmitting over the slope instead of over the ocean basin (Fig. 3) . When SWSat8 and SWSat10 reached latitudes below 30°N both whales decreased their horizontal movement rate; this occurred near the time their tags ceased to transmit.
Habitat
In 2007, 76% of whale position estimates were from the slope, and 23% from the continental shelf.
None of the position estimates were over the ocean basin (Figs. 1-3) .
In 2009, 75 to 100% of position estimates for 4 of the 5 tagged whales were over the slope. Notably, for the fifth whale, SWsat8, 77% of position estimates were from over the ocean basin, and 23% from the slope.
DISCUSSION
The satellite tracking data provided details on sperm whale movement patterns, which showed considerable variation, even though whales stayed primarily along the slope. The 7 whales that stayed within the GOA moved north, south, or stayed close to where they were tagged along the slope. Some whales roamed widely along the slope, as evidenced Fig. 1 . One degree of latitude is equivalent to 60 nautical miles by 2 individuals that closely followed the federal longline survey vessel northbound along the slope and another whale that visited a known feeding area for sperm whales in British Columbia and then returned to Alaska.
The overall median rates of horizontal movement (range: 0.6−5.4 km h −1 ) are within ranges observed for sperm whales (Whitehead et al. 1992 , Jochens et al. 2008 . However, the rates and behaviors were clearly different north and south of 56°N. Although, the exact behaviors, whether foraging or travelling, will be difficult to determine because the whales were unobserved during most of the transmissions, we can infer behaviors from other sources. In the GOA, using bioacoustics suction cup tags, Mathias et al. (2012) documented foraging as a dominant beha vior. Also, Whitehead et al. (2008) hypothesized 4 km h −1 to be the maximum rate of horizontal movement where maximum net energy gain is achieved during foraging. Essentially, a whale would experience a net energy gain if foraging below speeds of 4 km h −1 , and, above this speed, foraging would not be beneficial. The median of median rates of horizontal movement for the whales that stayed in the GOA was below this rate, indicating foraging as a possible behavior. Along the Canadian and US West coasts south of 56°N, the southbound whales were following a more linear path; thus, the whales were presumably travelling. Coupled with the median rate of horizontal movement that exceeded the rate of maximum net energy gain during foraging hypothesized by Whitehead et al. (2008) , foraging is a less likely behavior than travelling for these southbound whales.
Interestingly, the 3 whales that travelled to Mexico ventured closer to shore, and 2 reduced their movement rates near 40°N latitude compared with the rest of their southward travel. At 40°N, near the Mendicino Ridge, very deep water occurs close to the California coastline, including the Gorda Escarpment, a deep submarine canyon with complex bathymetry. This area is a biological hotspot, in particular, for reproduction of deep-water fishes and cephalopods (Drazen et al. 2003) . In addition, the nearshore area between 30° to 40°N is one of the regions of the highest marine predator density within the California Current Large Marine Ecosystem (Block et al. 2011) . Although the Block et al. (2011) (Litz et al. 2011) , just north of 40° N, and market squid Doryteuthis opalescens were caught in record numbers throughout the California Current (Sweetnam 2010) . At this latitude, the bathymetry and productivity along the California coast could provide a reliable foraging area for travelling sperm whales. However, the whales in our study, while they did slow down, did not slow to the rate hypothesized by Whitehead et al. (2008) to be the maximum rate of horizontal movement for efficient foraging (4 km h −1
). While these 3 whales were possibly not foraging, it is noteworthy that all 3 altered their travel, at different times at the same latitude.
Despite the variability in the timing of the southbound departure from Alaskan waters and variation in movements within the GOA, none of the whales entered the mid-central GOA over the deep ocean basin, where sperm whales have been detected with autonomous hydrophone moorings (Mellinger et al. 2004 ) and from whaling data. If sperm whales are present in the central GOA on a regular basis, they may comprise a different population than whales observed during the present study.
The GOA sperm whales as individuals are clearly following different trajectories, as evidenced from the travel behavior of SWsat8 and SWsat10 (Fig. 3) . SWsat10 headed into the Sea of Cortez, and SWsat8 bypassed the left turn to the Sea of Cortez and continued south to 14°N where transmissions ended. A genetics study by Mesnick et al. (2011) investigated the population structure of North Pacific sperm whales and determined that GOA males likely are from multiple origins. That study included 30 GOA biopsy samples, of which 19 were from the SEASWAP study, all males, known to have engaged in depredation. While the results of the genetic analysis did not exclude the possibility that some GOA sperm whales originated from populations off the California Current or Hawaii, none of the satellite-tagged whales made either of these areas their final destination. This could be due to the relatively short tracking duration in our study. Clearly, not all of the sperm whales in our study were headed to the same place. The one commonality for all the tagged whales was their presence along the slope, at the edge of the continental shelf, associating with vessels and removing fish from longline fishing gear while in the GOA.
The horizontal movements of male sperm whales in the GOA appear to follow the behaviors proposed by Whitehead (2003) in that male movements consist of periodic, but not seasonal, transits between the lower latitude feeding/breeding grounds and higher latitude feeding grounds. In our study, males are typically solitary, appearing to independently associate with fishing vessels along the slope, with a variable schedule for departing the higher latitude feeding areas.
Although these ocean nomads are driven by the search for food in a patchy mesopelagic habitat, there may be more to the associations among these male sperm whales than just independent whales randomly foraging in the GOA. We do not know the ages of the GOA sperm whales, but most whales included in the SEASWAP catalog are large mature males. The males appear to have no seasonal pattern to their travel between higher and lower latitudes, although our sample size is small and limited in temporal coverage. At higher latitudes in the GOA, some individuals stayed in the same general area, while others were more nomadic. GOA047 was tagged twice near the same location, and other whales were resighted in the same location across years, indicating a fidelity to either a location or perhaps association and cultural connection to other whales.
Communication among these solitary males may be a means for sperm whales to associate in higher latitudes. Communication among the solitary males may occur through low-frequency, highly resonant, vocalizations called clangs or slow clicks (Gordon 1987 , Madsen et al. 2002 , which differ from the usual clicks and creaks by having a slower repetition rate (inter-click interval: 5 to 8 s). Clangs or slow clicks travel long distances due to their low frequency, and have been suggested to function as a long-range communication tool for males (Madsen et al. 2002 , Oliveira et al. 2013 , Wild 2013 . Coupling satellite tracking with acoustics could provide a mechanism to understand how these whales move and travel across large ocean basins. Sperm whales moving along the slope of the GOA are typically alone and rarely in pairs or travelling or diving in synchrony with another whale. While these whales may appear solitary, they could be connecting with each other acoustically, moving in a loosely connected group, and communicating long distances while spatially separated. Skilled depredators may be functioning as scouts by showing or leading other whales to foraging hotspots, as some fishermen have speculated.
Describing the movement patterns of sperm whales temporally and spatially in the GOA may provide a means for fishermen to avoid whales. If whales have long-term associations and if their presence can be predicted in the GOA, documenting areas and timing of frequent use by sperm whales -in particular the skilled depredators -would provide a means to minimize interactions between fishing operations and sperm whales. It is evident from our results that some whales do use the same areas over time. Fishermen could avoid fishing when certain whales are predicted to be present, thereby reducing the opportunity for depredation in Alaskan waters. 
